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Abstract Recurrent selection is a method for pop-
ulation improvement which has been used in soybean
[Glycine max (L.) Merrill] to modify traits such as
grain yield, seed-protein content, seed-oil content,
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tolerance to iron-deficiency chlorosis, and seed size.
Nuclear male-sterility with insect-mediated cross-
pollination has been successfully used in recurrent
selection schemes in soybean. However, little atten-
tion has been given to selection to increase the
agronomic performance of male-sterile plants per se.
The objective of this study was to evaluate the
response of male-sterile lines segregating for male-
sterile alleles ms2, ms3, ms6, ms8, and ms9 to
phenotypic recurrent selection for increased seed-set
after 3 cycles, using a selected group of male parents.
Bees halictidae, anthophoridae, andrenidae, and
megachilidae were utilized as the pollinator vector.
The results indicated that recurrent selection in a
favorable environment was successful to increase the
number of seeds per male-sterile plant. Although a
differential response was observed among popula-
tions, the seed-set observed would justify the use of
some specific male-sterile selections as female par-
ents in a hybrid soybean seed production system.

Keywords Male sterility - Recurrent selection -
Seed-set - Soybean

Abbreviations
RS Recurrent selection
RCBD Randomized complete block design

BC Backcross
LSD Least significant difference
CV Coefficient of variation
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Introduction

Recurrent selection (RS) is a method of population
improvement which was designed to improve popu-
lation performance. This is accomplished by
increasing the frequency of favorable alleles for traits
quantitatively inherited, and without decreasing the
genetic variability for continued selection (Hallauer
1985; Fehr 1991; Lewers and Palmer 1997). RS
includes the systematic selection of desirable indi-
viduals from a population followed by recombination
of the selected individuals to form a new population.
Phenotypic recurrent selection is practiced on an
individual plant or the progeny of the plant in single
or replicated plots. Thus, improved populations or
lines can be used as cultivars per se, as parents of
hybrids, inbred lines, clonal cultivars or parents of a
synthetic cultivar (Fehr 1991).

In soybean [Glycine max (L.) Merrill], RS schemes
have been used to improve traits such as grain yield
(Kenworthy and Brim 1979; Sumarno and Fehr 1982;
Piper and Fehr 1987; Holbrook et al. 1989; Burton
et al. 1990; Werner and Wilcox 1990); seed-protein
content (Brim and Burton 1979; Miller and Fehr
1979; Holbrook et al. 1989; Xu and Wilcox 1992);
seed-oil content (Burton and Brim 1981) tolerance to
iron-deficiency chlorosis (Prohaska and Fehr 1981),
and seed size (Tinius et al. 1991; 1993).

The most used methods for RS in soybean are mass
selection and S,, (self pollinated to the nth generation)
(Lewers and Palmer 1997). Fehr and Ortiz (1975)
observed the greatest genetic gain per year for yield in
soybean using S; testing compared to S4 and half-sib
family selection. Carter et al. (1982) conducted six
cycles of selection for increased seed-protein content
in soybean with two populations, reporting an
increase of 1.2 and 3.3% units, respectively.

Nuclear male sterility with insect-mediated cross-
pollination has been successfully used in recurrent
selection schemes in soybean. Wilson et al. (1981)
implemented three cycles of mass recurrent selection
for increasing the seed oleic acid content in a popu-
lation derived from F5.4 progeny of cross-pollination
between two exotic lines segregating for the ms/ male-
sterile allele. Burton and Brim (1981) reported an
increase in seed-oil content using high-oil-content
lines as male parents insect-mediated pollinated to
male-sterile plants segregating for the ms/ allele.
Werner and Wilcox (1990) and Xu and Wilcox (1992)
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used a type of mass selection (S, recurrent selection) to
modify grain yield, maturity, and seed-protein content
where intermating was insect-mediated and facilitated
by using the ms2 male-sterile allele. Thus, RS strate-
gies in soybean have been used to improve traits
directly related to agronomic performance in lines that
will be likely used as cultivars. However, selection to
increase the seed-set on male-sterile plants per se has
received minimal attention. Graybosch and Palmer
(1988) used msimsl, ms2ms2, and ms3ms3 male-
sterile plants to evaluate seed-set using alfalfa leaf
cutter bees from families halictidae, anthophoridae,
andrenidae, and megachilidae and honey bees as
pollinators. Seed-set on male-sterile plants as a
percentage of male-fertile plants ranged from 1.6% to
32.6% across two planting dates. Roumet and Magnier
(1993) evaluated seed-set on male-sterile plants seg-
regating for the ms2 allele in caged plots containing
alfalfa leaf cutter bees to facilitate pollination. The
seed-set observed on male-sterile plants represented
60% of their fertile counterpart.

Although insect-mediated cross-pollination has
been used to produce seed on male-sterile plants,
traits influencing preferential pollination on male-
sterile, female-fertile soybean lines have not been
clearly elucidated. Previous reports have shown that
seed-set on male-sterile lines is a strong indicator of
pollinator preference (Graybosch and Palmer 1988;
Lewers and Palmer 1997; Ortiz-Perez et al. 2004,
2006a, b). Preferential pollination observed through
seed-set suggested that selection on male-sterile
plants for high seed-set can be attained. Thus selected
male-sterile, female-fertile lines could be suitable to
produce large amounts of hybrid soybean seed. The
objective of this study was to evaluate the response to
phenotypic recurrent selection for increased seed-set
on male-sterile, female-fertile soybean lines segregat-
ing for male-sterile alleles ms2, ms3, ms6, ms8, and
ms9, using several bee species as pollination vectors.

Materials and methods

Cycle 0

Plant materials and field evaluation

Male-sterile mutant lines segregating for single
recessive nuclear genes were selected from a group
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of male-sterile lines evaluated in a three-year experi-
ment at Ames, IA (Ortiz-Perez et al. 2006b). From that
study, high and low seed-set male-sterile lines were
selected. The selected female parents were male-sterile,
female-fertile lines from maturity groups II and IV,
segregating for ms2 in two different genetic back-
grounds (L75-0587, Bernard et al. 1991; and T375H,
Cervantes-Martinez et al. 2005), ms3 (T284H) (Chaud-
hari and Davis 1977), ms6 (T295H) (Skorupska and
Palmer 1989), ms8 (T358H) (Palmer 2000), and ms9
(T359H) (Palmer 2000) (Table 1). These lines were
field-grown and used as female parents to be insect-
mediated cross-pollinated by eight male-fertile, female-
fertile soybean lines, used as male parents. The male
parents were chosen based on either their attractiveness
to pollinator insects and/or on agronomic characteris-
tics. Testing a number of males and females was
because we wanted to evaluate “attractive” females in
combination with “attractive” males, but also poor
females combined with good and poor males, trying
to determine the nature of the pollination traits
inheritance. Eight single-cross combinations were
established (Table 1). Seed-set on male-sterile,
female-fertile lines was evaluated using a randomized
complete block design (RCBD) with five replications
and eight entries. Each entry was the combination of
one segregating male-sterile, female-fertile line (female
parent) and one male-fertile, female-fertile line (male
parent). Each plot was six rows, the first and the sixth
rows were male-fertile lines (males) and the four center
rows were segregating male-sterile lines (female par-
ents). Each 4.8-m long row was spaced 76-cm within
rows, 1.2-m between plots, and 14 seeds per meter
were planted. Irrigation was applied when necessary.

The eight single-cross combinations were cross-
pollinated using alfalfa leaf cutter bees (Megachile
rotundata) as pollinators in summer 2002 at Plain-
view, Texas. At the beginning of flowering R1 (Fehr
et al. 1971), alfalfa leaf cutter bee pupae were placed
in a container in the base of a ‘bee board’, which
consisted of a wooden board with 10.6-cm by 10.6-
cm wood cylinders long, with closely-spaced holes
0.47 cm in diameter, and 8.89 cm deep. Approxi-
mately 10,000 pupae were placed on the bee board,
which was placed in the middle of the experimental
plots. The bees emerged as adults 2 days later.

At flowering R2 (Fehr et al. 1971), the male-sterile
plants were identified by their lack of pollen produc-
tion and labeled. Male-fertile plants tend to have
earlier flowering compared to their male-sterile
siblings, so they were removed at the first flower.
The remaining male-sterile plants were checked out
for pollen presence three times during the flowering
period, at least 10 flowers/male-sterile plant. At
maturity the number of pods per male-sterile plant
and number of seed per male-sterile plant were
recorded. Selection for high seed-set within each
cross-combination was made. Fifteen percent selec-
tion intensity was applied resulting in 56 selected
plants in total or seven plants per combination.

Cycle 1
Plant material and field evaluation

F, seed from male-sterile plants selected in Texas
2002 was grown in an off-season nursery in Fall

Table 1 Mean values for
pod number and seed
number/soybean male-

Population

Mean seed number/
male-sterile plant

Mean pod number/
male-sterile plant

sterile plant in presence of

alfalfa leaf cutter bees and
native pollinators for two-
way cross-populations
(Cycle 0. Texas 2002)

# Near-isogenic line of
T375

P Near-isogenic line of cv.
Beeson. The ms2 allele
from T259

¢ Near-isogenic line of PI
429077. The ms6 allele
from T295

A00-39 ms2 (T375) x Corsoy 79 45 91
A00-39 ms2 (T375) x Hark 50 102
A00-41 ms2* x A00-73 Ms9 52 105
A00-63 ms2 (Beeson)b x Wells 33 67
A00-68 ms3 (T284) x A00-41 Ms2 35 74
A00-72 ms8 (T358) x A00-68 Ms3 35 72
A00-73 ms9 (T359) x Raiden 60 120
A94-20 x 19 (ms6)° x A00-39 Ms2 29 58
Mean 43 81
LSD (x = 0.05) 8 17
(&\% 28 30
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2002, at Isabela, Puerto Rico. A composite of 25
hybrid seeds per cross-combination was grown under
natural photoperiod. At harvest, each plant was
threshed individually. Fifty F, seeds from three
single-plants within each cross-combination were
selected and planted in the same off-season location
in January 2003 with controlled photoperiod (expo-
sure to continuous light for 15 days after emergence,
to 14.5 h days for an additional 35 days, and to
natural day length until maturity). Only fertile F,
plants were harvested. The progeny of individual
fertile plants was considered as a family, so we
selected 24 plants out of the 50 F, plants, so 24 F, 3
families per cross-combination were obtained. The
F,.; derived families from each cross-combination
were field-grown in summer 2003 at Plainview,
Texas, where they were insect-mediated cross-polli-
nated to their eight male-fertile, female-fertile
recurrent parents (BC; crosses) and to a common
parent, DSR Exp. 202b (three-way crosses) (Table 3).
A RCBD with six replications and 16 entries was
used. Each plot was constituted in the same way as
cycle 0. Irrigation was applied when necessary. At
flowering, male-sterile plants were identified as in
cycle 0. Only solitary native bees from the families
halictidae, anthophoridae, andrenidae, and megachi-
lidae were carrying out the pollinations.

At maturity the number of pods and number of
seeds per male-sterile plant were recorded. Selection
for the highest seed-set in male-sterile plants within
each segregating F,.3 derived families was made.
Fifteen percent selection intensity was applied result-
ing in 128 selected plants, 8 plants per combination.
Thus, three-way and BCF; seed were produced from
selected high-seed-set male-sterile plants, and used to
start cycle 2.

Cycle 2
Plant materials and field evaluation

Twenty seeds from each single-plant selection from
Texas 2003 were grown in an off-season nursery in
January 2004, at Isabela, Puerto Rico under con-
trolled photoperiod. Selection for the three-way and
BC,F, plants with the highest seed-set was made. At
harvest, each plant was threshed individually. Three-
way-F, and BC,F, seeds were produced and 24 three-
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way F, and BC,F, derived families were selected.
The selected 24 three-way-F, and BC,F, derived
families were grown in the field in summer 2004 at
Plainview, Texas, where they were insect-mediated
cross-pollinated to their recurrent parents to produce
BC,F, seed, and to a common parent (DSR Exp.
202¢) to produce four-way-F; seed (Table 3). The
male parents were commercial lines with agronomic
characteristics along with traits favorable to pollina-
tion. Each plot was constituted in the same manner as
for cycles 0, and 1. Irrigation was applied when
necessary. At flowering, the process to identify male-
sterile plants was the same as for cycles 0 and 1. The
bee families carrying out the pollinations were the
same as for cycle 1. At maturity, plant height, number
of pods, and number of seed per male-sterile plant
were recorded. Only plants with greater than 80 pods
and that were 50 cm or taller were selected for
harvest.

Cycle 3
Plant materials and field evaluation

Twenty seeds from each single-plant selection from
Texas 2004 were grown in an off-season nursery in
January 2005, at Isabela, Puerto Rico, under con-
trolled photoperiod. Selection for the four-way and
BC,F, plants with the highest seed-set was made. At
harvest, each plant was threshed individually. Four-
way-F, and BC,F, seeds were produced. Only four
four-way F, and BC,F, derived families were
selected. The selected four four-way F, and BC,F,
derived families were grown in the field in summer
2005 at Plainview, Texas, where they were insect-
mediated cross-pollinated to their recurrent parents to
produce BC5F; seed, and to a common parent (GH
4190) to produce five-way-F; seed. The fact that
selected individuals were selected and then intermat-
ed, makes this strategy slightly different to the
traditional recurrent selection scheme, we could
consider it as early generation selection with complex
crosses. In cycle 3, the fertile female parents from
each cross-combination also were evaluated for seed-
set. This was made to compare the seed-set of
advanced populations versus their fertile female
parents. To make the most accurate comparison,
each fertile female parent plot was thinned
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according to the spacing observed in their male-
sterile, female-fertile counterpart. Irrigation was
applied when necessary. A RCBD with two repli-
cations per family and 22 entries was used. These
22 entries corresponded to each BC, and four-way
crosses, plus their 7 female-fertile parents. At
flowering, the process to identify male-sterile plants
was the same as for cycles 0 and 1. The bee species
carrying out the pollinations were the same as for
cycles 1 and 2. At maturity, plant height, and
number of seed per male-sterile plant were recorded.
Only plants with greater than 80 pods and 50 cm or
taller were selected for harvest.

Statistical analysis

For cycle 0, analyses of variance were performed
using PROC GLM of SAS (SAS Institute Inc., Cary,
NC 2003). Replications were treated as random
factors and two-way crosses, as fixed factors. A
RCBD was used where the linear model was:

Yijlk =u+ Ci +Bj + CB,‘j +E,:/'k

where: pt = the general mean; C; = the effect of the
ith two-way cross; B; = effect of the jth block;
CB;; = the interaction effect of the ith two-way cross
and the jth block, and E;; = experimental error
associated with the ijk observation.

For cycles 1, 2, and 3, analyses of variance were
performed using PROC GLM of SAS (SAS Institute
Inc., Cary, NC 2003). Replications and families
within crosses were treated as random factors, and
crosses, as fixed factors. A RCBD was used where the
linear model was:

Yi = u+ Ci + F()); + Br + CBiy + FB()jx + Ejjua

where: ;1 = the general mean; C; = the effect of the
ith cross; F(;); = effect of the jth family nested in the
ith cross; Bj = effect of the kth block; CB;; = the
interaction effect of the ith cross and the kth block,
FB(;)jx = the interaction effect of the jth family
nested in the ith cross and the kth block, and
Ej;j; = experimental error associated with the ijkl
observation.

Each cycle was analyzed separately to determine
differences among cross-combinations for the evalu-
ated traits. A combined analysis using a regression
model was conducted where the cycles were

considered as independent variables. The number of
seed and number of pods were considered as
dependent variables.

The regression model was:

Yi =B+ Bxi+ &

where: Y; = predicted response of the ith cycle;
Po = intercept; f/; = regression slope, x; = the value
of the independent variable, ¢; - random error related
to the ith observation.

Results and discussion
Cycle 0

The combined analysis of variance for seed-set and
pod production showed significant differences among
single-cross combinations. The two-way cross that
had the highest mean values for seed-set was A00-73
ms9 x Raiden (120 seeds/male-sterile plant). The
lowest values were observed in the crosses A94-
20 x 19 (ms6) x A00-39 Ms2, and A00-63 ms2
(Beeson) x Wells which averaged 58, and 66 seeds/
male-sterile plant, respectively (Table 1). For pod
number, differences among two-way crosses also
were observed. However, the rank order for the
crosses for number of pods/male-sterile plants was
the same as for seed-set, indicating that number of
pods (rather than number of seed/pod) influenced the
total seed-set/per each male-sterile plant. The highest
seed-set observed for the two-way cross A00-73
ms9 x Raiden was consistent with the highest seed-
set observed when male-sterile plants from A00-73
ms9 were evaluated in a previous study (Ortiz-Perez
et al. 2006b). The same trend was observed for the
lowest seed-set, the two-way cross A00-63 ms2
(Beeson) x Wells. That is, these latter lines pre-
sented the lowest seed-set both (Ortiz-Perez et al.
2006b). Graybosch and Palmer (1988), in contrast,
found that ms2 carrying lines presented higher
number of seed/male-sterile plant when compared
to male-sterile lines carrying the ms/ and ms3 alleles,
they used plant introductions and commercial lines as
male parents; honey bees and alfalfa leaf cutter bees
were the pollinators.

The male-sterile lines used as females had previ-
ously been evaluated and selected for high and low
seed-set (Ortiz-Perez et al. 2006b). Thus the rank
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observed for seed-set among male-sterile lines was
not totally unexpected, however, the relative
differences in seed-set between studies for the
high seed-set was of interest, in the present study
the seed-set observed across all the female lines
was superior to the reported by Ortiz-Perez et al.
2006b for the same lines. Differences in floral
abortion among the male-sterile lines could cause a
difference in seed-set, although failure in fertiliza-
tion has been reported to be negligible in soybean
flower abortion (Abernethy et al. 1977). It is
possible that asynchrony factors such as differences
in flowering duration between the female and the
adjacent male parent could cause differences in
seed-set among the two-way crosses. However,
according to Suso et al. (2006), differences in out-
crossing rate caused by asynchrony among parents
did not explain most of the variation observed in
inter-crossed faba bean [Vicia faba (L.)] acces-
sions. They attributed such variation to differences
in floral traits.

Cycle 1

Significant differences for seed-set among crosses
and among families from the same cross were
observed (Table 2). The mean for number of seed/
male-sterile plant for F,.5 segregating families using a
common male parent (three-way crosses) was signif-
icantly different from that observed F,.; families
using their recurrent male parent (BC; crosses),
suggesting that the male parent had a major effect on
seed-set. The cross AO00-73 ms9 x Raiden BC,
(Raiden was the recurrent parent) presented the
highest seed-set among the BC; crosses. For the
three-way crosses, (A00-39 ms2 x Hark) x DSR
Exp. 202b had the highest mean for seed-set
(Table 3).

Although the general mean for seed-set in three-
way crosses (89 seed/male-sterile plant) and BC,
crosses (75 seed/male-sterile plant) was very sim-
ilar to that observed in cycle 0 (81 seed/male-
sterile plant), most important was the large varia-
tion among F,.; families from the same cross
(Table 3). Such large variation was observed
mainly for some of the crosses that yielded the
highest seed-set. This variation was not observed in
crosses that presented the lowest seed-set (Fig. 1).
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Table 2 Mean squares for seed number/soybean male-sterile
plant for three-way, BC;, four-way, BC,, five-way, and BC3
crosses (Texas, 2003, 2004, and 2005)

Source of variation Mean squares

2003

Cycle 1

Three-way crosses Cross 49,512%**
Family (cross) 8,127%%*%

BC; crosses Cross 26,378%***
Family (cross) 10,194 %%

2004

Cycle 2

Four-way crosses Cross 49,236%*
Family (cross) 19,919%:**

BC, crosses Cross 27,363 ***
Family (cross) 16,407 %#**

2005

Cycle 3

Five-way crosses Cross 15,647*
Family (cross) 12,577.69NS

BC; crosses Cross 27,696%*
Family (cross) 10,122.70%*

*, k% %E% Significant at the 0.05, 0.01, and 0.001 probability
levels respectively; NS = Not significant

BC, and three-way crosses involving A00-63 ms2
(Beeson) and Wells as parents were observed in the
lower rank for seed-set (Table 3). This also was
observed in their two-way cross in cycle 0, which
might imply a very low frequency of genes (alleles)
in those lines for traits involved in insect-mediated
cross-pollination.

Once all families were quantified for seed-set, the
data fitted a segregation ratio that suggested as few as
two recessive genes involved in pollinator preference
(data not presented). The results also suggest that
both parents contributed genes (or alleles) that were
different for pollinator attraction or reward, irrespec-
tive of whether the recurrent parent or a common
male parent was used.

Cycle 2

Male-sterile plants from four-way crosses had a
higher mean for seed-set compared to BC, crosses
(Table 3). Variation among families from the same
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Table 3 Mean values for seed number/male-sterile soybean plant and maximum and minimum mean for family within three-way,
four-way, five-way, BC;, BC,, and BC; crosses (Texas 2003, 2004, and 2005)

Population

2003 Cycle 1 common male 1

2004 Cycle 2 common male 2 2005 Cycle 3 common male 3

Three-way cross

Four-way cross Five-way cross

Plant mean  Family mean  Plant mean Family mean  Plant mean Family mean
Max Min Max Min Max Min
Female parent
(A00-39 ms2 x Corsoy 79) 94 174 61 305 465 244 168 190 142
(A00-39 ms2 x Hark) 123 316 57 175 330 6 164 246 68
(A00-41 ms2 x A00-73 Ms9) 119 195 27 223 337 94 217 227 88
[A00-63 ms2 (Beeson) x Wells] 40 84 8 263 297 228 137 151 126
(A00-68 ms3 x A00-41 Ms2) 96 187 49 184 263 78 234 252 224
(A00-72 ms8 x A00-68 Ms3) 102 159 68 241 329 147 181 238 152
(A00-73 ms9 x Raiden) 107 173 6 156 266 38 242 251 172
[A94-20 x 19 (ms6) 48 104 24 169 232 63 124 177 104
x A00-39 Ms2]

Mean 89 190 183
LSD (o = 0.05) 25 40 57
Ccv 60 61 50

BC, BC, BC;
(A00-39 ms2 x Corsoy 79) 84 198 17 141 201 49 91 161 45
(A00-39 ms2 x Hark) 90 219 33 198 271 73 150 214 122
(A00-41 ms2 x A00-73 Ms9) 79 142 35 169 269 3 136 165 24
[A00-63 ms2 (Beeson) x Wells] 49 95 18 72 140 36 99 108 87
(A00-68 ms3 x A00-41 Ms2) 82 176 28 205 482 75 232 313 144
(A00-72 ms8 x A00-68 Ms3) 34 45 26 ND ND ND ND
(A00-73 ms9 x Raiden) 100 234 13 135 241 67 217 261 180
[A94-20 x 19 (ms6) 82 137 33 131 245 10 170 190 134

x A00-39 Ms2]

Mean 75 150 145
LSD (o = 0.05) 15 33 36
(6\% 59 51 40
ND = No data

cross also was observed, and was very extreme in
some crosses (Table 4). The crosses A00-41 ms2 x
A00-73 Ms9 (BC,), and A94-20 x 19 (ms6) x
A00-39 Ms2 (BC,) showed the most extreme values
for the highest family mean as compared to the
lowest family mean (Table 3), although less intra-
family variation for number of seeds was observed.

For some four-way crosses, variation for seed-set
among families was evident, but not that extreme
(Fig. 2). The crosses [A94-20 x 19 (ms6) x A00-39
Ms2 x DSR Exp. 202b] x GH 4190, (A00-68
ms3 x A00-41 Ms2 x DSR Exp. 202b] x GH
4190, and [(A00-41 ms2 x A00-73 Ms9) x DSR

Exp. 202b] x GH 4190 presented 3-fold variation for
the highest family mean as compared to the lowest
family mean (Table 3).

Cycle 3

The seed-set in the F, families using a common male
parent, (five-way crosses) were again significantly
different from those observed in the F, families using
their recurrent male parent (BC; crosses), and
presented a higher mean for seed-set compared to
the latter (Table 3).
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Fig. 1 Mean values for
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Table 4 Percentage gain for number of seed/soybean male-sterile plant among cycles for backcross populations (Texas 2002, 2003,

2004, and 2005)

Population

Cycle 0

Mean no. seed/

BC,

% relative

BC,

% relative

BC;

% relative

Mean no. seed/

male-sterile plant to cycle 0 to cycle 1 to cycle 2 male-sterile plant

(A00-39 ms2 (T375) x Corsoy 79) 91 -8 +68 =35 91
(A00-39 ms2 (T375) x Hark) 102 —11 +120 —24 150
(A00-41 ms2 * x A00-73 Ms9) 105 =25 +114 —19 136
[A00-63 ms2 (Beeson) x Wells] 67 —26 +44 +39 99
[A00-68 ms3 (T284) x A00-41 Ms2] 74 +11 +149 +14 232
[A00-72 ms8 (T358) x A00-68 Ms3] 72 -52 ND ND ND
[A00-73 ms9 (T359) x Raiden] 120 —16 +35 +60 217
[A94-20 x 19 (ms6) x A00-39 Ms2] 58 +41 +59 +13 170
* Near-isogenic line of T375
ND = No data

The five-way cross [(A0O-73 ms9 x Ra- families from the same cross also was observed for

iden) x DSR Exp. 202b x GH 4190] x DSR Exp.
202c¢ had the highest seed-set. Among the BCj
crosses, A00-68 ms3 x A00-41 Ms2 had the highest
mean for seed-set (Table 3). Variation among

@ Springer

both, five-way crosses and BC; crosses. Less intra-
family variation for number of seed/male-sterile plant
was observed compared to the populations evaluated
in the previous cycles (Fig. 3). For the BC; crosses
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this was expected, since the additive genetic vari-
ability within lines is reduced to a half of that present
in the preceding generation (Fehr 1991).

The fact that male-sterile plants from three-way
crosses, four-way crosses, and five-way crosses out-
yielded the BC crosses in each cycle was of special
interest. For the three-, four-, and five-way crosses a
different male parent was used with the assumption
was that adding new genetic material to the original
cross-combinations could cause a greater change in

the mean for seed-set compared to the BC popula-
tions. If that assumption was correct, then we could
expect that these male parents would bring a different
assortment of alleles (since the commercial lines used
as male parents were unrelated) for traits related to
insect-mediated-cross-pollination. For the BC
crosses, the same male parent was used to create
the each new population.

Maturity differences among lines could increase
the potential to respond differentially to selection

@ Springer
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Fig. 4 Predicted and observed response to selection for seed
number in soybean male-sterile plants after three selection
cycles. Texas 2002, 2003, 2004, and 2005

regardless any floral or pollination trait, however in a
previous 3-years study where we selected the parents
from, we did not record any segregation for maturity
genes, which was expected if we had combinations
such as Ele2 x elE2 for example. A weak positive
correlation among plant height and seed-set was
observed (data not presented), suggested that matu-
rity and plant height were not the main factor
affecting seed-set on the male-sterile plants.

The mean values for the selective cycles indicated
a linear increase for number of seed/male-sterile plant
with recurrent selection from cycle O to cycle 3 for
the BC strategy (Fig. 4). Estimators of the regression
parameters were significant for the effects of cycle on
number of seed/male-sterile plant, although the
determination coefficient was very low, indicating a
weak prediction of the model (Fig. 4).

The cross-combinations responded differently to
selection. We observed a negative change from cycle
0 to cycle 1 in most of the cross-combinations
(Table 4), which could be related to the fact that from
cycle 0 to cyclel, the evaluated lines were F,.3
derived families. After two selfing generations,
variability for the traits associated with pollinator
could play a factor in the decrease of seed-set,
differences in environmental conditions between
cycle 0 and cycle 1 should be considered as well.
Selection for pollinator attractiveness was not prac-
ticed in those two selfing generations. The best year
for all populations was 2004 where cycle 2 was
evaluated. For that year, a record rainfall was

@ Springer

observed, which likely had favorably affected the
overall seed-set of the lines. Seed-set on male-sterile
plants as a percentage of male-fertile plants has been
reported to range from 1.6% to 32.6% up to 60%
(Graybosch and Palmer 1988; Roumet and Magnier
1993) of their fertile counterpart in open field
conditions and caged plots. In the present study, the
seed-set observed in male-sterile plants after three
selection cycles in some of the crosses was higher
than these reports (Table 5). Both, the BC strategy
and adding a new male parent each cycle were
effective to increase the mean seed-set across pop-
ulations. Environmental conditions favorable to both
plants and pollinators played a key role. BC popu-
lations showed a lower mean compared to the
populations where a new male parent was added
each cycle, suggesting the effect of the male on the
performance of the male-sterile lines. Heterozygosity
in the traits involved in cross-pollination and seed-set
is a factor to consider for both strategies. More
homogeneous lines were observed in the BC strategy
compared to the populations with a background
where five parents are expected to segregate for those
traits. The results we observed in our study suggested
the improvement for seed-set among male-sterile
populations, through selection. Comparison of the
advanced generations vs. their female-fertile parents
gave us some valuable insights about such improve-
ment, however, evaluation of all the generations in
replicated environments needs to be conducted.
Currently BCj; derived lines are being selfed to
derive homozygous lines to be tested for seed-set in
replicated environments.

Conclusions

The results of this study indicated that phenotypic
recurrent selection in a favorable environment was
successful to increase the number of seed/male-sterile
soybean plant. Mean seed-set per family as high as
313 seeds per male-sterile plant was observed after
just three selection cycles. A differential response
was observed among the cross-combinations, sug-
gesting variability for those traits among the parental
lines. Continuous selection within low-seed popula-
tions failed to increase seed-set on male-sterile,
female-fertile plants. Evaluation of the selected lines
in relation to their fertile-female parental line
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Table 5 Seed-set from fertile female soybean parents-derived BC; crosses compared in percent relative to their fertile female parent

(Texas 2005)

Mean no. seed/
fertile-female line

Fertile female parent

Fertile female parents-
derived BCj5 crosses

% seed-set relative
to fertile female parent

Mean no. seed/
male-sterile line

A00-39 Ms2 217 A00-39 ms2 x Corsoy 79 91 42
A00-39 Ms2 217 A00-39 ms2 x Hark 150 69
A00-41 Ms2 219 A00-41 ms2 x A00-73 Ms9 136 42
A00-63 Ms2 (Beeson) 231 A00-63 ms2 (Beeson) x Wells 99 43
A00-68 Ms3 287 A00-68 ms3 x A00-41 Ms2 232 80
A00-73 Ms9 384 A00-73 ms9 x Raiden 217 56
A94-20 x 19 (Ms6) 281 A94-20 x 19 (ms6) x A00-39 Ms2 170 60
Mean 244 146

LSD 90 36

(6\% 50 40

(percent of seed-set on male-sterile plants compared
to fertile normal plants from the same background)
indicated from 42% to 80% of the normal seed-set
observed in their fertile female parent, which is
higher than previous reports in the literature. The
pollen transfer from the male parent to the female
parent has been the most challenging barrier to the
development of an efficient hybrid system in soy-
bean. In this study bee pollinators were used to
produce large quantities of hybrid seed on male-
sterile plants. Thus the seed-set observed would
justify the use of some of these selections as female
parents in a hybrid soybean seed production system.

Acknowledgments The authors thank Dairyland Seed Co.,
Inc, and Verde Seed Co., Inc. for partial support of this project.

References

Abernethy RH, Palmer RG, Shibles R, Anderson IC (1977)
Histological observations on abscising and retained soy-
bean flowers. Can J Plant Sci 57:713-716

Bernard RL, Nelson RL, Cremeens CR (1991) USDA soybean
genetic collection: Isoline collection. Soybean Genet
Newsl 18:27-57

Brim CA, Burton JW (1979) Recurrent selection in soybeans.
II. Selection for increased percent protein in seeds. Crop
Sci 19:494-498

Burton JW, Brim CA (1981) Recurrent selection in soybeans.
III. Selection for increased percent oil in seeds. Crop Sci
21:31-34

Burton JW, Koinange EMK, Brim CA (1990) Recurrent selfed
progeny selection for yield using genetic male sterility.
Crop Sci 30:1222-1226

Carter TE Jr, Burton JW, Brim CA (1982) Recurrent selection
for percent protein in soybean seed-indirect effects on
plant N accumulation and distribution. Crop Sci 22:513—
519

Cervantes-Martinez IG, Ortiz-Perez E, Xu M, Horner HT,
Palmer RG (2005) Molecular mapping of the ms2, ms3,
and ms9 loci in soybean [Glycine max (L.) Merr.]. Agron.
Abstr, p 257

Chaudhari HH, Davis WH (1977) A new male-sterile strain in
Wabash soybeans. J Hered 68:266-267

Fehr WR (1991) Principles of cultivar development. Theory
and technique. Macmillan Publishing Company, Ames, IA

Fehr WR, Ortiz LB (1975) Recurrent selection for yield in
soybeans. J Agric Univ Puerto Rico 59:222-232

Fehr WR, Caviness CE, Burmood DT, Pennington JS (1971)
Stage of development descriptions for soybeans, Glycine
max (L.) Merrill. Crop Sci 11:929-931

Graybosch RA, Palmer RG (1988) Male sterility in soybean-an
overview. Am J Bot 75:144-156

Hallauer AR (1985) Compendium of recurrent selection
methods and their application. Crit Rev Plant Sci 3:1-33

Holbrook CC, Burton JW, Carter TE Jr (1989) Evaluation of
restricted index selection for increasing yield while
holding seed protein constant in soybean. Crop Sci
29:324-329

Kenworthy WJ, Brim CA (1979) Recurrent selection in soy-
beans. 1. Seed yield. Crop Sci 19:315-318

Lewers KS, Palmer RG (1997) Recurrent selection in soybean.
Plant Breed Rev 15:275-313

Miller JE, Fehr WR (1979) Direct and indirect recurrent
selection for protein in soybeans. Crop Sci 19:101-106

Ortiz-Perez E, Cervantes-Martinez IG, Wiley H, Hanlin SJ,
Horner HT, Davis WH, Palmer RG (2004) Phenotypic
recurrent selection for increased pollinator attraction to
produce hybrid soybean seed. Agron Abstr p 1029

Ortiz-Perez E, Horner HT, Hanlin SJ, Palmer RG (2006a)
Evaluation of insect-mediated seed set among soybean
lines segregating for male sterility at the ms6 locus. Field
Crops Res 97:353-362

@ Springer



280

Euphytica (2008) 162:269-280

Ortiz-Perez E, Horner HT, Hanlin SJ, Palmer RG (2006b)
Insect-mediated seed-set evaluation of 21 soybean lines
segregating for male sterility at 10 different loci. Euphy-
tica 152:351-360

Palmer RG (2000) Genetics of four male-sterile, female-fertile
soybean mutants. Crop Sci 40:78-83

Piper TE, Fehr WR (1987) Yield improvement in a soybean
population by utilizing alternative strategies of recurrent
selection. Crop Sci 27:172-178

Prohaska KR, Fehr WR (1981) Recurrent selection for resis-
tance to iron deficiency chlorosis in soybeans. Crop Sci
21:524-526

Roumet P, Magnier 1 (1993) Estimation of hybrid seed pro-
duction and efficient pollen flow using insect pollination
of male-sterile soybeans in caged plots. Euphytica 70:61—
67

SAS Institute (2003) SAS/STAT user’s guide, Version 9.0.
SAS Inst., Inc., Cary, NC

Skorupska H, Palmer RG (1989) Genetics and cytology of the
ms6 male-sterile soybean. J Hered 80:304-310

@ Springer

Sumarno RS, Fehr WR (1982) Response to recurrent selection
for yield in soybeans. Crop Sci 22:295-299

Suso MJ, Gilsanz S, Duc G, Marget P, Moreno MT (2006)
Germplasm management of faba bean (Vicia faba L.):
monitoring intercrossing between accessions with inter-
plot barriers. Genet Res Crop Evol 53:1427-1439

Tinius CN, Burton JW, Carter TE Jr (1991) Recurrent selection
for seed size in soybeans: I. Response to selection in
replicated populations. Crop Sci 31:1137-1141

Tinius CN, Burton JW, Carter TE Jr (1993) Recurrent selection
for seed size in soybeans: III. Indirect effects on seed
composition. Crop Sci 33:959-962

Wermer BK, Wilcox JR (1990) Recurrent selection for yield in
Glycine max using genetic male-sterility. Euphytica 50:19-26

Wilson RF, Burton JW, Brim CA (1981) Progress in the
selection for altered fatty acid composition in soybeans.
Crop Sci 21:788-791

Xu H, Wilcox JR (1992) Recurrent selection for maturity and
percent seed protein in Glycine max based on S, evalua-
tions. Euphytica 62:51-57



	Insect-mediated cross-pollination in soybean [Glycine max (L.) Merrill]: II. Phenotypic recurrent selection
	Abstract
	Introduction
	Materials and methods
	Cycle 0
	Plant materials and field evaluation

	Cycle 1
	Plant material and field evaluation

	Cycle 2
	Plant materials and field evaluation

	Cycle 3
	Plant materials and field evaluation

	Statistical analysis

	Results and discussion
	Cycle 0
	Cycle 1
	Cycle 2
	Cycle 3

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


